Abstract: Impermeable aquifer boundaries affect the flow of groundwater, transport of contaminants, and the drawdown of water levels in response to pumping. Hydraulic methods can detect the presence of such boundaries, but these methods are not suited for mapping complex, 3D geological bodies. Airborne electromagnetic (AEM) methods produce 3D geophysical images of the subsurface at depths relevant to most groundwater investigations. Interpreting a geophysical model requires supporting information, and hydraulic heads offer the most direct means of assessing the hydrostratigraphic function of interpreted geological units. This paper presents three examples of combined hydraulic and AEM analysis of impermeable boundaries in glacial deposits of eastern Nebraska, USA. Impermeable boundaries were detected in a long-term hydrograph from an observation well, a short-duration pumping test, and a water table map. AEM methods, including frequency-domain and time-domain AEM, successfully imaged the impermeable boundaries, providing additional details about the lateral extent of the geological bodies. Hydraulic head analysis can be used to verify the hydrostratigraphic interpretation of AEM, aid in the correlation of boundaries through areas of noisy AEM data, and inform the design of AEM surveys at local to regional scales.
Introduction
Identifying impermeable geologic boundaries (barriers) within and adjacent to aquifers is a fundamental pursuit of hydrogeologic investigations. The transport paths and dispersion characteristics of contaminant plumes are heavily influenced by such boundaries [1, 2] . Drawdown accelerates when a cone of depression intersects an impermeable boundary [3, 4] . Impermeable units exert a strong control on the location and timing of exchanges between aquifers and streams [5, 6] . Numerical groundwater models require accurate representation of impermeable boundaries for proper calibration and simulation of hydraulic heads. For these reasons and others, a variety of methods have been employed to detect the presence of impermeable boundaries [7] and to determine the effects of these boundaries on inter-aquifer connectivity [8] .
Hydraulic methods have been the primary means used to detect aquifer boundaries [3, [9] [10] [11] [12] [13] . Pumping tests, tracer tests, and potentiometric surface maps all yield important information about boundary conditions, but these methods do not serve particularly well for mapping the physical extent, thickness, and three-dimensional geometries of complex geological bodies. For example, analysis of aquifer boundaries from traditional pumping tests can be extremely difficult, or impossible, owing to the limited duration and spatial sampling volume of such tests [9] .
Geophysical methods have proven useful for detailed mapping of subsurface geology [14] [15] [16] [17] [18] . Ground deployment of geophysical instruments is limited by time, cost, and physical obstructions blanketed by one to several layers of loess of variable thickness. Case studies presented herein are from three sites in eastern Nebraska, the details of which are presented later in the paper.
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Hydraulic Methods
Hydraulic head data were collected and interpreted by three different means described below. In all cases, analyses of hydraulic data was completed prior to the analysis of AEM data. The hydraulic data are therefore unbiased in regard to the hydrostratigraphic interpretations.
An observation well is located at site 1 ( Figure 1 ) and is equipped with a pressure transducer to collect a continuous, long-term record of water levels. This data is used by local groundwater management agencies to monitor changes in groundwater availability and alert officials to potential impacts of pumping or drought on local water supplies. Readings were recorded every 8 h and were converted to depth below the measuring point, which is the top of the PVC well casing. These depths were subtracted from the surveyed elevation of the well casing to determine water elevation. Anomalous water levels recorded during sampling events were removed from the datasets. The transducer was downloaded annually, and quality assurance was performed comparing manual water level measurements to transducer readings. The hydrograph for this site dates to 2005, but two data gaps exist as a result of equipment malfunctions.
A 94-h, constant-rate pumping test was performed from 6-10 April 2009 at site 2 ( Figure 1 ). The pumping well was a municipal well screened from 59.4-68.6 m below ground surface (bgs.). The mean pumping rate was 2.81 × 10 −2 m 3 /s, but varied between 2.71 × 10 −2 and 2.84 × 10 −2 m 3 /s due to 
A 94-h, constant-rate pumping test was performed from 6-10 April 2009 at site 2 ( Figure 1 ). The pumping well was a municipal well screened from 59.4-68.6 m below ground surface (bgs.). The mean pumping rate was 2.81 × 10 −2 m 3 /s, but varied between 2.71 × 10 −2 and 2.84 × 10 −2 m 3 /s due to variations in the pump motor and well hydraulics. Eight observation wells were installed in three nests oriented along a north-south line. Only the six wells in which water levels responded to pumping are described here. Nest 1 was 28 m from the pumping well and consisted of wells with screened intervals 40.5-52.4 and 61.0-70.1 m bgs. Nest 2 was 42 m from the pumping well and consisted of wells screened 39.6-51.8 and 59.4-68.6 m bgs. Nest 3 was 63 m from the pumping well and consisted of wells screened 41.1-53.3 and 59.4-68.6 m bgs. Hydraulic heads were recorded using pressure transducers installed in observation wells as well as periodic manual measurements. The sampling rate of the transducers decreased logarithmically from 0.1 min at the start of the test to 60 min at the end of the test.
A previous study provides a combined water table/potentiometric surface map for site 3 using data from 210 wells [46] . Water levels represent measurements made in observation wells as well as those reported by drillers in well registration records. To increase the density of data coverage, the database includes static water level readings from different periods. Use of data from different years is justified because long-term changes in water levels for this area are generally less than 1.5 m [47] . Water levels measured during the irrigation season (June through September) and those that were highly anomalous compared to neighboring wells were discarded. The surface was interpolated using the inverse distance weighting method at 100 m grid spacing. Contours generated from the raster surface were manually smoothed in some areas, but the overall shape and form of the surface was retained.
Airborne Electromagnetic (AEM) Methods
AEM operates on the principal of electromagnetic induction, yielding information on the electrical properties of the subsurface. An AEM system consists of transmitter and receiver coils suspended from an aircraft. The transmitter coil generates a primary magnetic field that interacts with the ground to induce eddy currents, which generate a secondary magnetic field ( Figure 2 ). The receiving coil measures the induced voltage brought about by the secondary field. Resistivity-depth profiles are generated through numerical inversion, providing 2D and 3D visualization of the conductivity structure of the subsurface. AEM is highly sensitive to human infrastructure such as pipelines, transmission lines, fences, and buildings, so proper data filtering and processing is essential for correct interpretation [48] . Numerical inversion is non-unique; many solutions can equally fit the data within the range of error. To provide constraints on the inversions, borehole resistivity logs can be used to estimate minimum and maximum resistivity values for the survey area.
The electrical properties of the Earth depend on a variety of factors: Degree of saturation, clay content, sediment texture, porosity, water chemistry, and metallic mineralization [49] . The relationship between the electrical and hydrological properties of aquifers are non-unique and variable. In most aquifers, however, host sediment or rock is typically nonconductive (sand, sandstone, limestone); variations in electrical conductivity primarily relate to water chemistry and clay content. If groundwater is fresh, electrical conductivity is strongly correlated with clay content [24, [50] [51] [52] . Nevertheless, auxiliary information is necessary to verify such relationships.
There are two types of AEM systems: Frequency domain (FDEM) and time domain (TDEM) (Figure 2 ). FDEM systems generate a sinusoidal field and operate continuously at several fixed frequencies. Lower frequencies are sensitive to greater depths. The secondary field is measured in a receiver coil at a set distance from the transmitter. A FDEM system consists of several coil pairs mounted in a single instrument. FDEM generally achieves good near-surface resolution, but the depth of investigation is more limited than TDEM. The FDEM system used in the present study was the RESOLVE system [53] , which operated between 0.2 and 140 kHz and was towed approximately 30 m beneath a helicopter at a height of 30 m above ground. Survey speed was approximately 30 m/s and soundings were made every 3 m along flight lines, which were spaced ~280 m apart [53, 54] . The survey footprint of the system is approximately 100 m, but footprint size varies with frequency, survey altitude, and resistivity [55, 56] . Geophysical inversion of this dataset [53, 54] was accomplished using a regularized least-squares inversion algorithm in the program EM1DFM [57, 58] . This 1D, layered-earth model fits a response to the data by minimizing the objective function (Φ) given as follows:
where ϕd is a sum-of-squares measure of data misfit and ϕm is the model-structure component of the objective function, which is a measure of model simplicity. β is a tradeoff parameter that determines the balance between data misfit and model structure. The optimal value of β was determined using an automated procedure known as generalized cross-validation (GCV). GCV was chosen only after evaluating multiple inversions of the same data using different methods for determining β [57] . Further details on the procedures used to select inversion parameters are in a published report [54] . Resistivity-depth models containing 25 layers were produced for each sounding point in the study area ( Figure 3 ). Geological features in the study area are larger than the FDEM system footprint, so the one-dimensional algorithm, although it approximates the conductivity value within the sensitive volume of the subsurface, is justifiable. The depth of investigation (DOI) [59] varied from ~55-75 m. Those depths exceeding the DOI were masked in the final resistivity-depth sections. The vertical resolution decreases with depth from 1 m near the surface to 9 m at depths ~70 m below the surface (Figure 3 ). The FDEM system used in the present study was the RESOLVE system [53] , which operated between 0.2 and 140 kHz and was towed approximately 30 m beneath a helicopter at a height of 30 m above ground. Survey speed was approximately 30 m/s and soundings were made every 3 m along flight lines, which were spaced~280 m apart [53, 54] . The survey footprint of the system is approximately 100 m, but footprint size varies with frequency, survey altitude, and resistivity [55, 56] . Geophysical inversion of this dataset [53, 54] was accomplished using a regularized least-squares inversion algorithm in the program EM1DFM [57, 58] . This 1D, layered-earth model fits a response to the data by minimizing the objective function (Φ) given as follows:
where φ d is a sum-of-squares measure of data misfit and φ m is the model-structure component of the objective function, which is a measure of model simplicity. β is a tradeoff parameter that determines the balance between data misfit and model structure. The optimal value of β was determined using an automated procedure known as generalized cross-validation (GCV). GCV was chosen only after evaluating multiple inversions of the same data using different methods for determining β [57] . Further details on the procedures used to select inversion parameters are in a published report [54] .
Resistivity-depth models containing 25 layers were produced for each sounding point in the study area ( Figure 3 ). Geological features in the study area are larger than the FDEM system footprint, so the one-dimensional algorithm, although it approximates the conductivity value within the sensitive volume of the subsurface, is justifiable. The depth of investigation (DOI) [59] varied from~55-75 m. Those depths exceeding the DOI were masked in the final resistivity-depth sections. The vertical resolution decreases with depth from 1 m near the surface to 9 m at depths~70 m below the surface ( Figure 3 ). A TDEM system operates by executing an abrupt turn-off of an electrical current in a large loop and recording the secondary field in the receiving coil using several time gates (Figure 2) . Termination of the current causes the secondary EM field to dissipate and decay, which is measured as voltage in the receiver. Each sounding is represented by a curve describing the rate of decay of the magnetic field. Numerical inversion of the sounding curves produces a resistivity-depth model of the subsurface. TDEM generally provides reduced near-surface resolution compared to FDEM, but it is sensitive to greater depths.
A dual moment TDEM system was used in this study [60] . This system uses low and high energizing magnetic moments. The lower current achieves faster field termination, improving nearsurface resolution. The higher current is used to resolve targets at greater depths. The TDEM data herein are from surveys flown in 2014 using the SkyTEM 508 system [61] and in 2016 using the SkyTEM 304M system [62] . The 508 system consists of an eight-turn transmitting coil with an area of 536 m 2 . A peak current of 8.6 A is passed through one turn of wire for low-moment measurements. A peak current of 127 A is passed through all eight turns of wire for high-moment measurements. The 508 system flew at an average height of 43.1 m above ground and an average air speed of 80.5 km/h. The 304M system consists of a four-turn transmitting coil with an area of 337 m 2 . A peak current A TDEM system operates by executing an abrupt turn-off of an electrical current in a large loop and recording the secondary field in the receiving coil using several time gates (Figure 2) . Termination of the current causes the secondary EM field to dissipate and decay, which is measured as voltage in the receiver. Each sounding is represented by a curve describing the rate of decay of the magnetic field. Numerical inversion of the sounding curves produces a resistivity-depth model of the subsurface. TDEM generally provides reduced near-surface resolution compared to FDEM, but it is sensitive to greater depths.
A dual moment TDEM system was used in this study [60] . This system uses low and high energizing magnetic moments. The lower current achieves faster field termination, improving near-surface resolution. The higher current is used to resolve targets at greater depths. The TDEM data herein are from surveys flown in 2014 using the SkyTEM 508 system [61] and in 2016 using the SkyTEM 304M system [62] . The 508 system consists of an eight-turn transmitting coil with an area of 536 m 2 . A peak current of 8.6 A is passed through one turn of wire for low-moment measurements.
A peak current of 127 A is passed through all eight turns of wire for high-moment measurements. The 508 system flew at an average height of 43.1 m above ground and an average air speed of 80.5 km/h. The 304M system consists of a four-turn transmitting coil with an area of 337 m 2 . A peak current of 9 A is passed through one turn of wire for low-moment measurements, and a peak current of 120 A is passed through all four turns for high-moment measurements. The 304M system flew at an average height of 36.4 m and an average air speed of 100.5 km/h. Soundings were collected everỹ 57 meters for the 508 survey, and every~72 m for the 304M survey. The receiving coil for both systems has an effective area of 105 m 2 and is offset from the transmitter at a position where the sum of all primary fields is zero, maximizing its sensitivity to the secondary field. Flight height, tilt, position, and velocity were collected continuously during flight using laser altimeters, inclinometers, and differential global positioning systems. System footprint depends on bandwidth, height, electrical conductivity, and numerical regularizations in the inversion [63, 64] . To minimize over-smoothing and system footprint, the regularization values were carefully selected by comparing TDEM results to boreholes and data residuals.
One-dimensional, resistivity-depth models were generated for each sounding using a spatially constrained inversion (SCI) method [65] . This method derives model parameters from nearest neighbors. The inversion problem is given as follows:
where G is the Jacobian matrix containing the partial derivatives of the data and R describes the spatial constraints or links between soundings both along and across flight lines. The term δm true is the difference between the true model and an arbitrary reference model. The term δd obs is the difference between the observed data and the reference model, δr are the constraints, e obs is the error associated with the observed data, and e r is the error on the constraints. This method provides a laterally smooth, quasi-three-dimensional resistivity model with sharp layer boundaries that respect the geological realities of sedimentary deposits (Figure 3 ). The SCI resistivity-depths models contain 29 layers. Inversion of the 508 system data used a starting resistivity of 10 ohm-m and input parameters for vertical and lateral constraints were set to 2 and 1.3, respectively. Inversion of the 304M system data used a starting resistivity of 10 ohm-m and constraint levels were set to 2.7 vertically and 1.6 laterally. Vertical resolution of the resistivity-depth model for the 508 system data is 5 m for the top layer. Vertical resolution of the model for 304M system data is 3 m for the top layer. For both models, layer thickness increases by a factor of 1.08 for each successive layer. The average DOI [63, 64] of the 508 system survey is 198 m and 261 m for the most and least conservative estimates, respectively. The average DOI of the 304M system survey is 153 m and 198 m for the most and least conservative estimates, respectively. Additional details of the SCI approach for these data are in previous reports [61, 62] .
Results

Site 1: Wausa
Site 1 is located near the Village of Wausa in northeastern Nebraska,~4 km north of the erosional limit of the Ogallala Group (Figure 1) . The area has sparse irrigation and limited groundwater availability. A borehole log from the site shows bedrock at a depth of 74 m, consisting of Cretaceous Pierre Shale. Unconsolidated Quaternary sediments comprise, in succession, 37 m of interbedded sand and clay, 31 m of diamicton, and 6 m of loess.
The hydrograph collected at the Wausa site contains records of pumping-induced changes in water level during annual irrigation seasons, which typically lasts from late June to early September (Figure 4 ). Water-levels typically drop 5-5.5 m at the observation well site during this season (Figure 4a ). Smaller fluctuations are superimposed on the overall drawdown pattern, likely representing the cycling on and off of irrigation wells (Figure 4b ). There is a slight downward trend in the depth to which water levels recover from pumping each year. The water-level changes at this site probably reflect combined effects of the five nearby irrigation wells. Three of these wells are part of a series (they all supply water to the same irrigation system) and are located between 873-1037 m from the observation well. The other two wells are located 1224 m and 1298 m from the observation well. Examination of long-term, continuous hydrographs from observation wells can yield information about aquifer dynamics, response to pumping, recharge characteristics, and boundary conditions [66] . The segment of the hydrograph where drawdown vs. time approaches a straight line is indicative of the characteristics of the aquifer (Figure 4b) . Previous studies have shown that such a pattern is distinctive of compartmentalized aquifers or those in which all sides are bounded by impermeable barriers [66, 67] . The straight-line segment begins after the cone of depression reaches the boundaries in all directions. The rapid recovery period is also indicative of a compartmentalized aquifer. In an unbounded aquifer, the recovery period is typically several times longer than the pumping period [66] . The recovery period in the Wausa observation well is a small fraction of the total pumping period. This is further evidence that the aquifer is bounded on all sides.
A reconnaissance TDEM survey was conducted in 2016 in northeastern Nebraska with the SkyTEM 304M system. Survey lines were flown approximately 5 km apart along north-south and east-west grid traverses. Two of these lines intersect near the observation well at the Wausa site (Figure 1 Examination of long-term, continuous hydrographs from observation wells can yield information about aquifer dynamics, response to pumping, recharge characteristics, and boundary conditions [66] . The segment of the hydrograph where drawdown vs. time approaches a straight line is indicative of the characteristics of the aquifer (Figure 4b) . Previous studies have shown that such a pattern is distinctive of compartmentalized aquifers or those in which all sides are bounded by impermeable barriers [66, 67] . The straight-line segment begins after the cone of depression reaches the boundaries in all directions. The rapid recovery period is also indicative of a compartmentalized aquifer. In an unbounded aquifer, the recovery period is typically several times longer than the pumping period [66] . The recovery period in the Wausa observation well is a small fraction of the total pumping period. This is further evidence that the aquifer is bounded on all sides.
A reconnaissance TDEM survey was conducted in 2016 in northeastern Nebraska with the SkyTEM 304M system. Survey lines were flown approximately 5 km apart along north-south and east-west grid traverses. Two of these lines intersect near the observation well at the Wausa site (Figure 1 The zone of high resistivity corresponds to an interval of very fine to coarse, gravelly sand encountered in the geologic test hole drilled at the site of the observation well. The conductive material above the sand layer corresponds to clay-rich till overlain by loess. The conductive unit below the sand layer corresponds to silty clay with layers of very fine to coarse, gravelly sand. The bottom 7 m of the test hole penetrated shale bedrock.
The shape of the drawdown curve, along with shape of the high resistivity zone in the geophysical profiles, strongly suggest that the irrigation wells in this area withdraw groundwater from a bounded, compartmentalized aquifer. The 12-year record of annual drawdown and recovery shows a slight downward trend in the static water level, suggesting that groundwater is supplied to the pumping wells primarily from water in storage and that recharge to the aquifer is limited.
Site 2: Oakland
Site 2 is located near the City of Oakland at the site of a municipal water supply well. The well is located in an upland area adjacent to a river valley. The valley contains a series of terraces that lie 12 m above the modern valley floodplain. Borehole logs at the well site indicate two unconsolidated sand and gravel aquifers separated by a 1.5-m thick confining unit consisting of clay and silt. A 9-m thick clay unit separates the bottom of the lower aquifer from the top of a sandstone unit in the Cretaceous Dakota Group.
Plots of drawdown versus time for the pumping test observation wells show an initial time of rapid, relatively steady rate of drawdown (0.01 to 0.3 h); a time in which the rate of drawdown steadily decreases (0.3 to 17 h); a time in which drawdown is very slow or stationary (17-75 h); and a late time in which the rate of drawdown increases sharply to 8 cm/day (75-94 h) ( Figure 6 ). Water levels were still decreasing at the end of the pumping period. Wells screened in the lower aquifer (the aquifer in which the pumping well is screened) all showed greater drawdown than the wells screened in the upper aquifer. The zone of high resistivity corresponds to an interval of very fine to coarse, gravelly sand encountered in the geologic test hole drilled at the site of the observation well. The conductive material above the sand layer corresponds to clay-rich till overlain by loess. The conductive unit below the sand layer corresponds to silty clay with layers of very fine to coarse, gravelly sand. The bottom 7 m of the test hole penetrated shale bedrock.
Plots of drawdown versus time for the pumping test observation wells show an initial time of rapid, relatively steady rate of drawdown (0.01 to 0.3 h); a time in which the rate of drawdown steadily decreases (0.3 to 17 h); a time in which drawdown is very slow or stationary (17-75 h); and a late time in which the rate of drawdown increases sharply to 8 cm/day (75-94 h) ( Figure 6 ). Water levels were still decreasing at the end of the pumping period. Wells screened in the lower aquifer (the aquifer in which the pumping well is screened) all showed greater drawdown than the wells screened in the upper aquifer. In a confined aquifer of infinite extent, a semi-logarithmic plot of drawdown versus time would form a straight line [68] . The drawdown and recovery curves in this pumping test behave initially as would a confined aquifer. After 20 min, however, rates of drawdown decline, forming a curved line typical of a leaky confined aquifer. Further evidence of leakage from the upper to the lower aquifer through the confining unit is shown in the response of the upper aquifer, which declines a total of ~1 m during the pumping period.
Between 75-94 h after pumping began, the drawdown curves deviate from the predicted response of a leaky aquifer ( Figure 6 ). The sharp increase in the rate of drawdown in all wells suggests that the cone of depression reached an impermeable boundary. This boundary appears to affect water levels in all of the wells equally and at the same time, so the direction of this boundary cannot be ascertained from hydraulic data alone.
A reconnaissance TDEM survey was conducted in 2014 in northeastern Nebraska with the SkyTEM 508 system (Figure 7) . Two survey lines were flown through the Oakland site. The depth of investigation of the TDEM surveys was sufficient to penetrate the entire thickness of the Quaternary sediments and into the underlying Cretaceous bedrock below 80 m. TDEM profiles show a zone of high (~25-40 ohm-m) resistivity bounded to the east and west by low resistivity (<15 ohm-m) units. The high-resistivity unit is 3.5 km wide and 40 m thick. A FDEM survey was also flown over the study site, but it was unsuccessful at imaging to the depths of the units of interest and is therefore not shown here. In a confined aquifer of infinite extent, a semi-logarithmic plot of drawdown versus time would form a straight line [68] . The drawdown and recovery curves in this pumping test behave initially as would a confined aquifer. After 20 min, however, rates of drawdown decline, forming a curved line typical of a leaky confined aquifer. Further evidence of leakage from the upper to the lower aquifer through the confining unit is shown in the response of the upper aquifer, which declines a total of 1 m during the pumping period.
A reconnaissance TDEM survey was conducted in 2014 in northeastern Nebraska with the SkyTEM 508 system (Figure 7) . Two survey lines were flown through the Oakland site. The depth of investigation of the TDEM surveys was sufficient to penetrate the entire thickness of the Quaternary sediments and into the underlying Cretaceous bedrock below 80 m. TDEM profiles show a zone of high (~25-40 ohm-m) resistivity bounded to the east and west by low resistivity (<15 ohm-m) units. The high-resistivity unit is 3.5 km wide and 40 m thick. A FDEM survey was also flown over the study site, but it was unsuccessful at imaging to the depths of the units of interest and is therefore not shown here. Analysis of borehole logs shows that the high resistivity unit corresponds to the multi-layer aquifer at the site (Figure 7) . AEM does not resolve the two layers of the aquifer, but these units have been identified in borehole logs. The lower aquifer fills a southwest-northeast trending bedrock low. The upper aquifer is more extensive. Low-resistivity units bounding the aquifer correspond to interbedded clay, silt, and clay-rich diamicton. The eastern unit underlies a terrace located on the margin of the river valley. The western unit fills a buried valley under the uplands. Analysis of borehole logs shows that the high resistivity unit corresponds to the multi-layer aquifer at the site (Figure 7) . AEM does not resolve the two layers of the aquifer, but these units have been identified in borehole logs. The lower aquifer fills a southwest-northeast trending bedrock low. The upper aquifer is more extensive. Low-resistivity units bounding the aquifer correspond to interbedded clay, silt, and clay-rich diamicton. The eastern unit underlies a terrace located on the margin of the river valley. The western unit fills a buried valley under the uplands.
Site 3: Firth
Site 3, near the Village of Firth, is located on the southern margin of a 12-km wide, west-east trending buried valley that extends at least 180 km eastward of the margin of the High Plains aquifer [45] . The paleovalley fill contains abundant sand and gravel, forming an important aquifer in the region. The aquifer is locally truncated by younger deposits associated with subglacial tunnel valleys [45] . These valleys are narrow (1-3 km), steep-sided (10 • -30 • ) , and linear to slightly sinuous. Some of these valleys are filled with sand and gravel, others with silt, clay, and diamicton.
The map of the water table at the Firth site reveals an abrupt change in the hydraulic gradient and groundwater flow direction near the southern margin of a stream valley (Figure 8 ). The gradient in the northern part of the site is 0.004 toward the east/northeast, but in the southern part, the gradient abruptly increases by a factor of 10, to 0.024, and the direction changes to north/northeast. This change takes place over a distance of <1 km. There are no known large-volume withdrawals of groundwater, recharge sources from large surface water bodies, or other features in this area that would contribute to the observed anomalies. The water table configuration, however, can be explained by the presence of a discontinuous, impermeable or low-permeability boundary in the aquifer.
Site 3, near the Village of Firth, is located on the southern margin of a 12-km wide, west-east trending buried valley that extends at least 180 km eastward of the margin of the High Plains aquifer [45] . The paleovalley fill contains abundant sand and gravel, forming an important aquifer in the region. The aquifer is locally truncated by younger deposits associated with subglacial tunnel valleys [45] . These valleys are narrow (1-3 km), steep-sided (10°-30°) , and linear to slightly sinuous. Some of these valleys are filled with sand and gravel, others with silt, clay, and diamicton.
The map of the water table at the Firth site reveals an abrupt change in the hydraulic gradient and groundwater flow direction near the southern margin of a stream valley (Figure 8 ). The gradient in the northern part of the site is 0.004 toward the east/northeast, but in the southern part, the gradient abruptly increases by a factor of 10, to 0.024, and the direction changes to north/northeast. This change takes place over a distance of <1 km. There are no known large-volume withdrawals of groundwater, recharge sources from large surface water bodies, or other features in this area that would contribute to the observed anomalies. The water table configuration, however, can be explained by the presence of a discontinuous, impermeable or low-permeability boundary in the aquifer. A low-K unit acts as an impoundment, causing an abrupt variation in the flow gradient and direction at the interface between zones with different properties. Water table contours are closelyspaced within the low-permeability zone and widely-spaced up-gradient of that zone. On the south side of the impermeable boundary, the water table slopes northeast along a gradient that mirrors the topographic surface.
A block-type FDEM survey was flown in 2007. It comprised 52 east-west traverses spaced ~280 m apart and two north-south tie lines 6 km apart. The depth of investigation varies between ~50-80 m, which is sufficient to penetrate the entire thickness of unconsolidated materials above bedrock in the studied area. A detailed, 3D geological model has been presented in previous work [45, 46] . Resistivity-depth profiles show a zone of high resistivity (>20 ohm-m) in the southwest and a zone of low-resistivity (<20 ohm-m) in the northeast (Figure 9) . A narrow, wedge-shaped body of low resistivity extends southward into the zone of high resistivity. It is continuous in resistivity-depth profiles across the stream valley from north to south, terminating under the uplands ~1 km south of the valley margin. A low-K unit acts as an impoundment, causing an abrupt variation in the flow gradient and direction at the interface between zones with different properties. Water table contours are closely-spaced within the low-permeability zone and widely-spaced up-gradient of that zone. On the south side of the impermeable boundary, the water table slopes northeast along a gradient that mirrors the topographic surface.
A block-type FDEM survey was flown in 2007. It comprised 52 east-west traverses spaced~280 m apart and two north-south tie lines 6 km apart. The depth of investigation varies between~50-80 m, which is sufficient to penetrate the entire thickness of unconsolidated materials above bedrock in the studied area. A detailed, 3D geological model has been presented in previous work [45, 46] . Resistivity-depth profiles show a zone of high resistivity (>20 ohm-m) in the southwest and a zone of low-resistivity (<20 ohm-m) in the northeast (Figure 9) . A narrow, wedge-shaped body of low resistivity extends southward into the zone of high resistivity. It is continuous in resistivity-depth profiles across the stream valley from north to south, terminating under the uplands~1 km south of the valley margin. 
Discussion
Mapping impermeable boundaries and analyzing impacts of those boundaries on groundwater systems are critical to any groundwater investigation. The examples given in this paper show that effective characterization of impermeable boundaries can be achieved by combining hydraulic head analysis with AEM. The examples presented here demonstrate the successful detection of impermeable boundaries with three methods: Analysis of water-level data from continuously monitored wells, pumping test interpretation, and evaluation of a water table map. Furthermore, the boundaries were mapped using three different AEM systems: SkyTEM 508, SkyTEM 304M, and RESOLVE. The wide spacing of the SkyTEM profiles (~5 km) prevented the use of geostatistical modeling because the spacing exceeded the spatial dimensions of the geologic features. With the RESOVLE survey, resistivity contrasts defining the bounding surfaces of the geological features of interest varied from place-to-place, so a cognitive approach, rather than a geostatistical one, was used to map the area [45] .
Factors other than lithology can influence AEM resistivity, and electrically conductive units need not be impermeable. A zone of electrically conductive water within an aquifer can have a similar appearance to a clay-rich geological body [25] . Although salinity mapping may be of concern in some hydrogeologic studies, in the analysis of hydrostratigraphic units, factors that influence permeability and groundwater flow are of chief concern. It is therefore imperative to determine what characteristics are being resolved by an AEM survey. Data on groundwater levels will typically have a low spatial density compared to borehole lithology data. Ideally, one or more pumping tests would be performed in the vicinity of an impermeable boundary to derive quantitative data on hydrogeologic properties and to determine the time lag between the onset of pumping and the intersection of the water table with the boundary. Pumping tests are time-intensive and costly to perform. Continuous monitoring of hydraulic heads is also costly, and water-level observation wells are often sparse. For these reasons, borehole data will remain an essential part of the total data integration of an AEM study, and geostatistical methods should prove useful for integrating sparse measurements with dense geophysical data to generate 3D realizations of hydrogeologic properties and their associated uncertainties. Complementing these data with hydraulic head measurements has clear advantages for hydrostratigraphic interpretation. Furthermore, the locations of impermeable boundaries detected in hydraulic head analyses could be used to condition geostatistical models so that the maps exactly reproduce the boundaries at the appropriate locations 
Factors other than lithology can influence AEM resistivity, and electrically conductive units need not be impermeable. A zone of electrically conductive water within an aquifer can have a similar appearance to a clay-rich geological body [25] . Although salinity mapping may be of concern in some hydrogeologic studies, in the analysis of hydrostratigraphic units, factors that influence permeability and groundwater flow are of chief concern. It is therefore imperative to determine what characteristics are being resolved by an AEM survey. Data on groundwater levels will typically have a low spatial density compared to borehole lithology data. Ideally, one or more pumping tests would be performed in the vicinity of an impermeable boundary to derive quantitative data on hydrogeologic properties and to determine the time lag between the onset of pumping and the intersection of the water table with the boundary. Pumping tests are time-intensive and costly to perform. Continuous monitoring of hydraulic heads is also costly, and water-level observation wells are often sparse. For these reasons, borehole data will remain an essential part of the total data integration of an AEM study, and geostatistical methods should prove useful for integrating sparse measurements with dense geophysical data to generate 3D realizations of hydrogeologic properties and their associated uncertainties. Complementing these data with hydraulic head measurements has clear advantages for hydrostratigraphic interpretation. Furthermore, the locations of impermeable boundaries detected in hydraulic head analyses could be used to condition geostatistical models so that the maps exactly reproduce the boundaries at the appropriate locations [31] . This conditioning could also ensure that the conductive units are mapped as impermeable geologic bodies juxtaposed against permeable aquifer materials rather than zones of saline groundwater or bodies of rock or sediment with electrically conductive properties that are not necessarily impermeable.
Hydraulic head analysis can aid in the hydrostratigraphic interpretation of AEM in areas of cultural noise. AEM data is especially sensitive to coupling and noise from the influence of man-made infrastructure such as powerlines, pipes, buildings, and other objects [48, 65] . Data affected by such interference needs to be culled from the dataset. This is a necessary step in data processing, and it results in gaps in the final resistivity-depth profiles. An example of an area where AEM data was removed due to interference is shown at the Oakland site (Figure 7) . The area corresponds to the location of the impermeable boundary. There are no boreholes in the area of the removed AEM data. As a result, the gap creates some uncertainty in the hydrostratigraphic interpretation of the AEM. The pumping test results help to address this uncertainty by showing clear evidence of an impermeable boundary.
The design of an AEM survey (target depths, flight line spacing, orientation) should take into account any hydraulic head data that detect the presence of an impermeable boundary. Ideally, closely spaced flight lines allow for the construction of 3D models, such as the one at Firth (Figure 9 ). Reconnaissance surveys successfully imaged the impermeable boundaries at Wausa and Oakland ( Figures 5 and 7) , but due to the widely spaced flight lines, mapping had to be carried out using boreholes. At Wausa, boreholes are too sparse to conduct any additional mapping. Nevertheless, reconnaissance surveys may be useful in very large investigations if flight lines are carefully selected to pass over geologic features of interest. In this way, hydraulic head data, especially water table maps and continuously monitored wells, can be used to design such surveys.
Another reason to incorporate hydraulic head analysis into an AEM survey relates to the vertical resolution of AEM. Horizontal resolution is vastly better than that of boreholes. However, vertical resolution of AEM is quite low compared to boreholes, so detecting thin confining units within thick aquifer bodies may not be possible. The thin, leaky confining unit at Oakland is detectable in the pumping test data, but resistivity-depth profiles do not provide any evidence of this layer. Borehole logs and pumping test data are necessary to resolve these vertical details, and integrating these data with AEM through geostatistical modeling presents a promising avenue for future research [37, 38] .
Glacial deposits are geologically complex and heterogeneous [69, 70] . Boundaries between aquifers and confining units are numerous in glacial aquifers, so mapping them is critically important for the development and management of groundwater supplies and for predicting the fate and transport of contaminants in the subsurface. This study shows the detection and mapping of a variety of impermeable boundaries, from those that surround fully compartmentalized aquifers to those that are localized and discontinuous within regional aquifer systems. Hydraulic head analysis, coupled with AEM and supporting geological data, presents an ideal technique for detecting and mapping impermeable boundaries at a variety of scales in highly heterogeneous glacial deposits.
Conclusions
Impermeable boundaries can be detected through the traditional analysis of hydraulic head data from monitoring wells, pumping tests, and water table maps. However, it is difficult or impossible to map the extent and geometry of these boundaries from head data alone. Inversion of AEM data results in non-unique resistivity-depth models. Furthermore, the relationship between resistivity and hydrogeologic properties is not universal and can vary depending on many factors. Because of this non-uniqueness, supporting data is essential to interpreting AEM. Although boreholes are essential for constraining geologic interpretations, hydraulic head analysis provides direct evidence of the hydrostratigraphic function of geologic units and is therefore key to making the correct interpretation of groundwater flow boundaries. AEM provides details on the orientation, thickness, extent, and relationships between hydrostratigraphic units, which are not provided by hydraulic head data alone.
This study demonstrates how impermeable boundaries can be detected from analysis of hydraulic heads and then verified and mapped using airborne electromagnetics (AEM.) Both reconnaissance and block-type AEM surveys are useful, depending on the scale of the investigation, scope of work, and cost limitations.
A fully bounded, closed aquifer system was detected at the Wausa site using hydraulic head changes from a continuously monitored well. This analysis was done on drawdown and recovery curves resulting from pumping of nearby irrigation wells. A reconnaissance AEM survey flown over the site revealed a zone of high resistivity <2 km wide that terminates in all directions. At the Oakland site, a 94-h pumping test revealed an impermeable boundary nearby, but the direction of the boundary could not be ascertained from the data. A reconnaissance AEM survey reveals a 3-km wide impermeable boundary beneath a valley terrace, separating the aquifer from a stream. A water table map of the Firth site shows anomalous horizontal gradients and orientations, which can be interpreted as evidence of an impermeable boundary. 3D mapping from a block AEM survey verifies this interpretation, revealing a 1-km wide, wedge-shaped, discontinuous body of conductive material penetrating the aquifer. 
